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Introduction
The discovery of the Antarctic ozone hole by Farman et al. (1985) called for a tight monitoring of ozone and related trace species in the middle atmosphere. Though the mechanisms responsible for the decline of lower stratospheric polar ozone in winter/spring are relatively well understood (WMO, 2007) , the ozone hole recovery over Antarctica is predicted to be at least half a century away, provided the current trends in ozone depleting substances are sustained (Newman et al., 2006) . Ozone depletion in the mid-latitudes was also noted from observations (WMO, 1992) . Significant decrease of upper stratospheric ozone in the northern mid-latitudes was observed in 1979-1995 by various measurements - (SPARC, 1998; WMO, 2007) . For instance, Randel et al. (1999) found statistically significant trends of −7 to −8 %/decade at 40 km in 1979-1996 from SAGE I/II (Stratospheric Aerosol and Gas Experiment I/II), SBUV(/2) (Solar Backscatter UltraViolet (/2)), Umkehr and ozonesonde measurements. A study by Li et al. (2002) confirmed the findings of Randel et al. (1999) , and led to an estimate of about −9 %/decade in the upper stratosphere using SAGE I/II measurements in the same period. Logan et al. (1999) found −10 %/decade at ∼17 km by analysing sonde measurements. A similar trend (∼ −0.8 % yr −1 ), in the upper stratosphere (∼40 km), was also estimated by Newchurch et al. (2000) from SAGE I/II, SBUV(/2) and P. J. Nair et al.: Stratospheric ozone evolution at OHP Umkehr measurements. Even if not similar in scale to the observed high latitude decrease (WMO, 2007) , the reduction of stratospheric ozone in the densely populated northern mid-latitudes is a serious concern.
Recent trend evaluation of stratospheric ozone deduced from various observations shows relatively constant ozone levels from 1996 onwards (Reinsel et al., 2002; WMO, 2007) . This change in trend has been attributed to the levelling off of anthropogenic halogen abundances in the upper stratosphere from the mid-1990s (WMO, 2007) . On the contrary, in the lower stratosphere the atmospheric dynamics has an influence in the declination of ozone loss . Dhomse et al. (2006) reported the effects of residual circulation on the increase of northern hemispheric total ozone rather than the decrease in Equivalent Effective Stratospheric Chlorine. Statistical analyses using different measurements indicate a trend of −6 to −7 %/decade in the upper stratosphere in 1979-2000 and a turnaround afterwards (e.g. Newchurch et al., 2003; Steinbrecht et al., 2006) in the northern mid-latitudes. Similar trends were also reported for some ground-based measurements. For instance, the analysis over Tsukuba showed a significant trend of −6.0±0.5 %/decade at 30-40 km from lidar and SAGE II observations for the period 1988-1997 and a statistically insignificant trend of −0.8 ± 1.1 %/decade after 1998 . Further, the Umkehr measurements at Belsk estimated a trend of 3 to 5 %/decade in 1996-2007 (Krzyścin et al., 2009) . The study by Jones et al. (2009) also revealed a trend of −7.2 ± 0.9 %/decade in 1979-1997 and an insignificant trend of 1.4 ± 2.3 %/decade in 1997-2008 at 35-45 km from several satellite measurements. The levelling off of ozone in the last decade reported by the above-said works is also confirmed by Steinbrecht et al. (2009) , who utilised a series of satellite and ground-based observations for their analysis. These results underline the importance of continuous surveillance of stratospheric ozone in the northern midlatitudes.
Several ground-based instruments have been employed globally for constant monitoring of stratospheric ozone after the discovery of the Antarctic ozone hole. The Network for the Detection of Atmospheric Composition Change (NDACC) (initially termed as Network for the Detection of Stratospheric Changes -NDSC), a consortium of groundbased instruments, was established in 1991 to survey stratospheric composition change. The Haute-Provence Observatory • N, 5.71 • E) is one of the northern midlatitude stations, which began geophysical observations in the 1970s and ozone measurements since 1983. Measurements using a Dobson spectrometer, ozonesondes, a stratospheric ozone lidar and an ultraviolet-visible (UV-Vis) SAOZ (Système d'Analyse par Observation Zénithale) spectrometer were initiated at OHP in 1983 OHP in , 1984 OHP in , 1985 OHP in and 1992 respectively, to observe both total column and vertical distribution of ozone. The OHP lidar measures the ozone vertical distribution and is the first of its kind selected under NDACC.
The objective of this study is to evaluate the coherence of ground-based and satellite measurements of the ozone vertical distribution above OHP to envisage the diagnosis of ozone recovery at northern mid-latitudes. It is achieved through the intercomparison of collocated ozone profiles from various instruments. We use lidar, Umkehr, ozonesondes, SBUV(/2), SAGE II and Halogen Occultation Experiment (HALOE) observations in this study as long-term data sets. Some of the shorter data sets such as Microwave Limb Sounder (MLS) on Upper Atmosphere Research Satellite (UARS) and Aura and Global Ozone Monitoring by Occultation of Stars (GOMOS) are also considered. The MLS measures ozone continuously and has a reasonable vertical resolution, while GOMOS performs occultation measurements and has a comparable vertical resolution to that of lidar and ozonesonde profiles.
The comparison of coincident ozone measurements helps to quantify uncertainties associated with each measurement system. We analyse the daily variations and the monthly averages of the relative differences of ozone over the observation period to understand how the measurements evolve with time. Analysing time series of coincident measurements allows one to reduce the effects of differences in temporal and spatial sampling, depending on the matching domain used. Simple linear regression can be applied to such data, whereby the resulting regression slopes provide more insights into accurate instrumental drift than that obtained from the individual ozone trends (e.g. Cunnold et al., 2000) .
This article is arranged in the following way: introduction is followed by the description of ozone data sets and methodology of the analyses in Sects. 2 and 3, respectively. Section 4 describes the temporal evolution of relative differences, average biases and possible drifts in the ozone measurements. The final section of the paper presents conclusions of this study.
Ozone measurements

Ground-based
Light detection and ranging
The ozone lidar measurements are performed according to the Differential Absorption lidar (DIAL) technique, which requires the emission of two laser wavelengths with different ozone absorption cross sections. In the case of the OHP lidar, the absorbed radiation is emitted by a Xenon Chloride excimer laser at 308 nm and the reference line (non-absorbed wavelength) is provided by the third harmonic of a Nd:YAG laser at 355 nm. The ozone vertical profile in number density is retrieved from the difference in slope of the logarithm of both lidar signals (Godin et al., 1999; Godin-Beekmann et al., 2003) . Under high aerosol loading conditions, aerosols at the volcanic cloud altitude perturb the ozone profile locally. In order to solve this problem, two additional wavelengths are detected simultaneously, corresponding to the first Stokes vibrational Raman scattering by atmospheric nitrogen of the laser beams. These wavelengths allow an ozone profile to be obtained, which is much less perturbed by the presence of the volcanic aerosols (McGee et al., 1993) .
After initial implementation of the lidar at OHP in 1985, systematic DIAL ozone measurements began in 1986 with a relatively simple lidar system that included only 2 electronic acquisition channels. In 1993, the instrumental setup was completely modified to enable measurements in the presence of volcanic aerosols and to improve the measurement capability of the lidar in terms of temporal resolution and accuracy (Godin-Beekmann et al., 2003) . The observational capacity of the station was also increased during this period. The average number of measurements per year increased from ∼40 in 1986-1993 to ∼110 from 1994 onwards, with a peak of 190 in 1997. The altitude range of each lidar profile is variable, due to the possible presence of clouds (or volcanic aerosols in the earlier period) in the lower stratosphere and variable signal to noise ratio in the upper stratosphere. In our case, the profiles are cut when 80 % statistical error is reached. On average, ozone lidar measurements range from 26 to 43 km in 1985-1993 and from 12 to 45 km in 1994-2009. Lidar measurements are performed during the night under clear sky conditions. The accuracy depends on the duration of the measurement and the vertical resolution chosen to process the data. The typical duration of an ozone measurement in the whole stratosphere with the present DIAL system at OHP is 4 h. The vertical resolution ranges from 0.5 km at 20 km to about 2 km at 30 km, and it increases to ∼4.5 km at 45 km. The average accuracy ranges from ∼5 % below 20 km to more than 10 % above 45 km and the best accuracy of 3 % occurs in the 20-45 km altitude range. Further details about the instrument can be found in Godin-Beekmann et al. (2003) .
Accuracy of the lidar ozone measurement depends partly on the accuracy of ozone absorption cross sections, which in turn depends on atmospheric temperature. The OHP lidar ozone profiles archived at NDACC use temperature profiles computed from nearby radiosonde data in the lower stratosphere and the COSPAR International Reference Atmosphere 1985 (CIRA-85) climatology in the upper stratosphere (Godin-Beekmann et al., 2003) . Since this climatology has a warm bias of 5-10 K in the stratosphere (SPARC, 2002) , in this work we use the National Center for Environmental Prediction (NCEP) temperature and pressure data to compute the ozone cross section. These data are also used for both the conversion of ozone number densities to ozone partial columns and geometric altitude to pressure vertical scale. The relative difference in the retrieved ozone using the old (radiosonde and CIRA) and the new (NCEP) data is within ±0.5 %, due to the difference in temperature (±1.2 %) used for the old and new retrievals.
Lidar ozone is taken as the reference to compare with other observations as it provides stable measurements since 1986 with an average of 15 measurements per month after 1994. It also yields more collocated profiles with other data sets. Since the DIAL technique is self calibrated, the experiment does not have problems with changing calibration constant. Nevertheless, there are some factors that can slightly affect the lidar ozone retrieval, like the temperature dependence and the interference of stratospheric aerosol or other minor compounds. A study by Godin-Beekmann et al. (2003) shows that the contribution of these factors on the ozone trends is negligibly small. Additionally, among the longterm data sets, Umkehr and SBUV(/2) have lower vertical resolution and hence, the comparison of others with these instruments may remove some of the fine vertical features. Further, SAGE II and HALOE terminate their operation in 2005 and SAGE II ozone measurements degrade after 2000. Hence, among the long-term data sets, lidar is most suitable to compare with other long and short term observations.
Ozonesondes
Ozonesondes are characterised by a higher vertical resolution (∼0.2 km) than other measurements. At OHP, the ozone soundings were performed by Brewer-Mast sondes from 1985 to 1991 and afterwards by Electrochemical Concentration Cell (ECC) sondes, using the standard 1 % buffered potassium iodide (KI) cathode sensor solution as given by Komhyr (1969) . In order to avoid inhomogeneity due to different ozone sensors we consider ozone observations from ECC sondes in 1991-2009 only. During the period the ozonesonde system at OHP has experienced a number of changes. For instance, ECC sondes manufactured by Science Pump Corporation (SPC-5A) were flown from January 1991 to March 1997. In March 1997, they were replaced by 1Z series ECC sondes of Environmental Science Corporation (ENSCI) and are still in use. The acquisition system was also changed, for which the ECC sondes coupled with the Vaisala RS80 radiosondes by a TMAX interface were used until 2007. Ozone values were derived using the concept designed by KFA Julich (Ancellet and Beekmann, 1997 ) in 1995 and the "strato" program (Vömel, 2002 Recent studies have analysed the differences in ozone measurements from various types of sondes (Johnson et al., 2002; Smit et al., 2007; Deshler et al., 2008; Stübi et al., 2008) . These studies report that ENSCI-Z ECC sondes overestimate ozone by ∼5 % below 20 km and 5-10 % above 20 km as compared to SPC-6A ECC sondes, when both operate with 1 % KI full buffer cathode solution. The decrease in pump efficiency at reduced pressures is corrected by a pump correction factor that increases with the decrease in air pressure. It affects predominantly the upper part of the ozone profile. In the middle stratosphere, the measured uncertainties are larger due to inconsistent pump efficiency and increase in cathode sensor solution concentration by evaporation. In general, sonde profiles are good up to ∼32 km with an accuracy of about ±5-10 % (Smit et al., 2007) .
The correction factor (the ratio of the total ozone from column measuring instrument located at the same site to the total ozone integrated up to the burst level of ozonesonde measurements), a quality control parameter, is used to normalise the sonde profiles. At OHP, Dobson spectrophotometer is used to calculate the normalisation factor until 2007 and SAOZ afterwards. The residual ozone column is computed from the measured ozone at the last altitude and the relative ozone altitude variation based on a monthly ozone climatology derived from the stratospheric ozone lidar data from 22 to 35 km and MAP85 above 35 km (Ancellet and Beekmann, 1997) . In this study, the correction factor has been used to screen and correct the ozone profiles (see Sect. 3.1).
Umkehr
Umkehr observations at OHP are performed using an automated Dobson spectrophotometer, measuring the ratio of transmitted zenith sky radiance at a wavelength pair in the ultraviolet (311.5 and 332.5 nm), with the former strongly and the latter weakly absorbed by ozone. The general procedure of the Umkehr ozone retrieval is that the ozone measurements are partitioned into 10 Umkehr layers which are divided into equal log pressure vertical intervals between ∼1013 and ∼1 hPa. It is assumed that the pressure at the top of an Umkehr layer is half of the pressure at the adjacent bottom layer. However, layer 1 is a double layer containing information of layers 0 and 1 (1013-250 hPa). Based on averaging kernels (AKs), Umkehr has independent ozone information in layers 4-8 while other layers are interdependent and are combined to 4 − (layers 0, 1, 2, 3) and 8 + (layer 8 and above) to provide useful information (see Table 2 of Petropavlovskikh et al., 2005a) . We use ozone profiles retrieved with the UMK04 algorithm (Petropavlovskikh et al., 2005b) . The vertical resolution of UMK04 is ∼10 km and the estimated accuracy is better than 10 % for layers 4-8 (64-2 hPa) (WMO, 2007) . The UMK04 algorithm was designed to produce ozone profiles optimised for monthly averaged long-term trends. Although, the Umkehr ozone profiles tend to have biases relative to other measurements, the data are useful for studies of the long-term ozone evolution.
Space-borne
Solar backscatter ultraviolet(/2)
The first generation of SBUV(/2) instruments was launched on the NASA (National Aeronautics and Space Administration) NIMBUS-7 satellite and the second on the NOAA (National Oceanic and Atmospheric Administration) −9, 11, 14, 16, 17, 18 and 19 satellites. The instruments make use of the nadir viewing technique for measuring ozone profiles from the backscattered UV radiation (250-340 nm). The ozone values are derived from the ratio of the observed backscattered spectral radiance to the incoming solar spectral irradiance (Bhartia et al., 1996) . The instruments provide a continuous record of stratospheric ozone measurements from November 1978 to December 2007. The vertical resolution of version (V) 8 data is 6-8 km and the horizontal resolution is 200 km . The latitudinal coverage of the measurements is 80 • S-80 • N and the long-term calibration accuracy is ∼3 % (DeLand et al., 2004) . SBUV(/2) measures about 35 000 profiles per month (McLinden et al., 2009) . We use V 8 ozone column profiles from NIMBUS-7, NOAA-9, 11, 16 and 17 in 1985-2007 for this study (Flynn et al., 2009 ).
Stratospheric aerosol and gas experiment II
SAGE II, an instrument aboard Earth Radiation Budget Satellite (ERBS), has provided long-term observations of ozone from 1984 to 2005. It uses the solar occultation technique for measuring limb transmittance in seven channels between 385 and 1020 nm during each sunrise and sunset, and an inversion using the onion-peeling approach . It observes up to 15 sunrise and 15 sunset events each day, and the consecutive measurements are separated by 24.5 • in longitude and slightly in latitude. The spatial coverage ranges from approximately 80 • S to 80 • N and sampling takes about a month to progress from one latitudinal extreme to the other. The vertical range of the ozone profiles is 10-50 km with a vertical resolution of ∼1 km and a horizontal resolution of 200 km. The ozone measurements have an accuracy of ∼5 % at 20-45 km and 5-10 % at 15-20 km. The ozone number density profiles retrieved in geometric altitudes and processed by the V 6.2 algorithm (Wang et al., 2006) for the period 1985-2005 are used in this work.
Halogen occultation experiment
HALOE on the UARS was put into orbit in September 1991, and operated for 15 years, until 2005. This is another solar occultation instrument and it measures limb transmittance from the 9.6 µm ozone band. The ozone profiles are derived from the ratio of solar intensity measured as a function of tangent height to the exo-atmospheric signal and are inverted by applying the onion-peeling procedure. It performs approximately 30 observations per day from both sunrise and sunset in small latitude bands separated by 24 • in longitude. The latitudinal coverage of the measurements is 80 • S-80 • N over the course of one year. The vertical range of the ozone profiles is 15-60 km with a vertical resolution of ∼2 km and a horizontal resolution of 500 km. Accuracy of the measured profiles is about 10 % at 30-64 km and ∼30 % at 15 km (Brühl et al., 1996) . Further details about the instrument can be found in Russell et al. (1993) . Ozone volume mixing ratio (VMR) profiles from V 19 for 1991-2005 are used for the comparison.
Microwave limb sounder
MLS was launched on UARS in 1991 and its successor aboard Aura in 2004. These instruments measure thermal emissions from rotational lines of the measured species through the limb of the atmosphere. The 57 • inclination of the UARS orbit allowed MLS to observe from 34 • on one side of the equator to 80 • on the other. UARS performs a 180 • yaw manoeuvre at ∼36 day intervals allowing it to switch the viewing geometry between northern and southern high latitudes. Because of instrumental deterioration, the number of operational days per year decreased gradually from late 1991 to 1993. It reached about 50 % of the initial number in 1994 and became very small from 1995 onwards, largely because of spacecraft power-sharing constraints. The profiles retrieved from 205 GHz have a vertical range of 15-60 km with a resolution of ∼3-4 km, and the horizontal (along-track) resolution is 300 km. The estimated accuracy of a single profile is 6 % at 21-60 km and 15 % at 16-20 km (Livesey et al., 2003) . Its successor, Aura MLS, has a better spatial coverage and horizontal and vertical resolutions. The latitudinal coverage of the measurements is 82 • S-82 • N on a daily basis and it provides about 3500 profiles per day. Ozone measurements retrieved from 240 GHz have a vertical range of 12-73 km with a vertical resolution of 2-3 km, below 65 km. The horizontal resolution is ∼200 km and the accuracy is about 5-10 % between 16 and 60 km . The ozone VMRs of UARS MLS V 5 from 1991-1999 and Aura MLS V 2.2 from 2004-2009 are used for the analysis.
Global ozone monitoring by occultation of stars
GOMOS on board the Environmental Satellite (ENVISAT) employs the stellar occultation technique for measuring ozone in UV, visible and near infrared wavelength ranges (250-950 nm).
Measurements are retrieved using the Tikhonov regularisation method . The payload was placed in orbit in 2002 and is observing the atmosphere with a global coverage. It executes about 100 000 occultations per year. The altitude range of dark limb profiles is 15-100 km with a vertical resolution ranging from 2 km below 30 km to 3 km above 40 km, and a horizontal resolution of 300 km. The estimated accuracy of the ozone profiles varies with the visual magnitude and the temperature of the star being focused at. It is less than 5 % at 25-60 km for a star with temperature higher than 10 000 K and visual magnitude up to 2. Below 25 km the accuracy is independent of star temperature and is 3 and 10 % for stars with visual magnitudes 0 and 2 respectively. Ozone profiles retrieved on dark limb are of better quality than on bright limb because of the perturbations from background light . We use dark limb profiles retrieved with the V 5 algorithm from 2002 to 2009 for this study.
Methodology
Selection criteria
As each instrument uses a different observation technique and has a different viewing geometry, the selection criteria for the comparisons differ in accordance with the measurement characteristics in order to achieve a reasonable sampling at OHP. Lidar observations below 25 km are almost excluded for the period 1991-1993 because of aerosol contamination due to Mount Pinatubo volcanic eruption (Guirlet et al., 2000) . Umkehr measurements are highly sensitive to aerosols and thus the data from June 1991 to June 1993, affected by the Mount Pinatubo eruption, are omitted from the analysis as suggested by SPARC (1998). Since SAGE II measurements are also very much affected by aerosol loading, the filters proposed in SPARC (1998) are adopted.
Product error flags are used as another screening criterion considered in our study. Ozone profiles with flag 0 for GOMOS (from the meta data) and 0, 10, 100 and 110 for SBUV(/2) (recommended in V 8 data quality) are selected for our analysis. The ozonesonde profiles with a correction factor between 0.8 and 1.2 (SPARC, 1998) are considered here (the profiles are later multiplied by the respective correction factors). Aura MLS profiles are screened as per the criteria given by Froidevaux et al. (2008) . For example, ozone profiles with convergence <1.8 and quality >0.4, and temperature and geopotential height fields with convergence <1.2 and quality >0.6 are considered. Negative values of ozone are excluded from the analysis for all measurement techniques.
The coincidences are determined with the spatial restriction of ±2.5 • latitude and ±5 • longitude, in general, and the temporal criterion of ±12 h. Occultation measurements provide comparatively less sampling, so the spatial criterion is relaxed for SAGE II, HALOE and GOMOS measurements. Since the zonal variation of ozone is less compared to the meridional one, the longitudinal restriction is relaxed in order to obtain a reasonable number of collocated profiles for better statistics. The spatial criterion is tightened for Aura MLS as it provides the largest number of collocated measurements with the lidar within the prescribed area. Also, satellite measurements yield more than one coincidence a day. In that case, the one closest in latitude and time is used. The spatial and temporal criteria and the number of matching events obtained for each data set with lidar are listed in Table 1 . Comparison periods depend on the time overlap between the measurements from lidar and other instruments. Since SAGE II and HALOE observe during sunrise and sunset, the impacts of diurnal ozone variations cannot be completely ruled out. However, the diurnal effects become significant only above about 1 hPa (∼48 km), (Nazaryan et al., 2007; Boyd et al., 2007) , which is beyond the range considered in our study. Therefore, this effect is not taken into account for our analysis.
The number of observations in each month averaged over the period and the total number of observations in each year retrieved from various data sets (satellite measurements are extracted around the OHP station using the spatial criteria given in Table 1 ) are shown in Fig. 1 . As is evident in the figure (top panel), the number of ozonesonde measurements does not vary seasonally whereas it does for other data sets. The maximum number of observations for lidar and Umkehr are found in winter and summer respectively. Among the satellite observations, SAGE II and HALOE provide comparatively fewer observations, with a maximum in winter and autumn. From the bottom panel it is clear that the number of lidar measurements increased from 1994 onwards; the lidar provided an average of about 110 measurements per year with a maximum of 190 in 1997. Umkehr provided more profiles at the beginning of the observation period, with a maximum of 320 in 1989. Since ozonesondes are launched usually once a week, the number of measurements are fewer and are about 50 per year on average. SAGE II observations show degradation after 1999, while HALOE provided almost constant measurements throughout the period (for e.g. Remsberg et al., 2009) , with a slightly higher number in 1992-1994. SBUV(/2) and Aura MLS have more profiles throughout the between SBUV(/2) and lidar (with and without convolution using averaging kernels and a priori) coincident profiles. The number of analysed profiles with and without convolution are also provided in respective colours. The dashed line represents 0% and the error bars represent twice the standard error. between SBUV(/2) and lidar (with and without convolution using averaging kernels and a priori) coincident profiles. The number of analysed profiles with and without convolution are also provided in respective colours. The dashed line represents 0 % and the error bars represent twice the standard error.
period. As already mentioned, a gradual decrease in the number of observations with time is found for UARS MLS.
Data conversion and analysis
The altitude grid of the retrieval varies for each instrument and hence the analyses differ in accordance with the data characteristics. The lidar ozone retrievals are in number density (cm −3 ) on geometric height (km) with a sampling resolution of 150 m. Except for SBUV(/2) and Umkehr ozone column observations, other measurement techniques are generally converted to ozone number density.
Ozonesonde measurements in partial pressure (mPa) are converted to number density, using temperature data from sonde measurements, and are compared to that of lidar by interpolating both data sets onto 150 m altitude grids. Since Umkehr measurements are in Dobson Unit (DU), the lidar profile is converted to DU and partial ozone columns are calculated above the pressure levels from NCEP data (as desribed in Sect. 2.1.1.) corresponding to lidar altitudes. The resulting partial columns are interpolated to 61 Umkehr pressure levels and the consecutive values are subtracted to obtain the ozone profile in quarter Umkehr layers. The lidar ozone values at pressure levels within the standard Umkehr layers (Petropavlovskikh et al., 2005b) are then added to get ozone column at standard Umkehr layers. The smoothing of lidar profiles with Umkehr AKs and a priori was tested (Griesfeller et al., 2011); this did not make a significant difference to the annual average. Nonetheless, some differences are observed in seasonally averaged data especially in winter and autumn with maximum difference of 3.6 and 2.6 % respectively. In this study we compared the lidar data without AK smoothing.
The vertical resolutions of the occultation measurements (SAGE II, HALOE and GOMOS) are similar to that of the lidar. Hence, the satellite and lidar profiles are interpolated to 1 km grid, the standard vertical resolution of the occultation measurements to get the same vertical window for comparison, HALOE ozone values measured in VMRs are converted to number density by using temperature and pressure from HALOE data. The ozone VMR profiles from MLS measurements are converted to number density using the corresponding MLS temperature and pressure. Geopotential heights are taken as the geometric altitudes for MLS as the difference between them is very small in the studied altitudes (∼0.04 and 0.33 km at 15 and 45 km respectively). So it hardly affects the derived ozone values even in steep gradient regions. Comparison with both MLS sensors is performed on their original lower resolution altitude grids. For that, the higher resolution lidar profile is integrated (trapezoidal integration) vertically within ±1.5 km altitude band with respect to the MLS altitudes. Then both data are interpolated onto an average altitude grid calculated for the periods of MLS data. Also, comparison at specific altitudes (see Sect. 4.1) is performed by interpolating the data to the limits of the altitude ranges, referred in Fig. 6 , if they are not available.
Regarding SBUV(/2), a priori data are provided in DU. Hence comparison with lidar is performed by convolving the lidar data with SBUV(/2) AKs. The lidar profile is first converted to DU and partial columns are added above each pressure level with respect to lidar altitudes. The resulting values are interpolated to the pressure levels of the SBUV(/2) ozone AKs, and the adjacent layers are then subtracted to obtain partial ozone column in each layer. The lidar profiles are convolved with the AKs of SBUV(/2) using the following Table 2 . Statistics derived from coincident measurements of lidar ozone at OHP with various observations. Number of matching events (N ), mean (M), standard deviation (σ ), and standard error (σ N ) calculated from the time series of daily variations ( %) for the selected altitudes are noted. Umkehr and SBUV(/2) are given on pressure levels. M, σ and σ N are given in %. σ N is computed as σ / 
where L S = Smoothed lidar ozone in i-th pressure level, L O = Lidar ozone in j -th pressure level, AK = averaging kernel matrix, and A = SBUV(/2) a priori in i and j pressure levels. We also tested the comparison without convolving the lidar data with SBUV(/2) AKs. In that case, the lidar ozone number densities are converted to DU, and are added above the pressure levels corresponding to lidar altitudes. Then, they are interpolated to pressure levels of SBUV(/2) ozone column and then the consecutive partial columns are subtracted. Figure 2 shows an example of the SBUV(/2) and lidar profile and the lidar profile convolved using SBUV(/2) ozone AKs for 18 September 2007 in the left panel and SBUV(/2) AKs in September above OHP in the middle panel. The right panel of the Fig. 2 shows the average relative difference over the period between SBUV(/2) and lidar (convolved and non-convolved). The error bars represent twice the standard error. The total number of profiles over the period are also noted in the respective colours. As illustrated in the figure (left panel) , the original lidar data differs from SBUV(/2) below 23.9 hPa, but the smoothing with AK reduces this difference. From the right panel, it is evident that the average relative difference of SBUV(/2) with the convolved lidar is more smoother than that with the nonconvolved lidar. The error bars below 2.51 hPa are very small because of the large number of coincident profiles between the convolved and non-convolved lidar. The results are quite similar except at 2.51 and 1.58 hPa. This difference can be due to the low number of matching events with the convolved lidar, as in that case, the lidar data are selected when they reach the pressure levels where SBUV(/2) weighting functions are greater than 0.2, which corresponds to an altitude of ∼45 km, not reached by most lidar profiles, particularly prior to 1994.
The relative deviation of the collocated ozone profiles is calculated for each instrument represented by "Meas" as:
where i = coincident day, and j = altitude or pressure.
We have also analysed the data for each season and the analysis takes Winter as January, February and March (JFM), Spring as April, May and June (AMJ), Summer as July, August and September (JAS), and Autumn as October, November and December (OND).
Results and discussion
Time series of relative differences
Relative differences are calculated for SAGE II, HALOE, ozonesondes, UARS MLS, Aura MLS and GOMOS at altitudes 18, 21, 25, 30, 35 and 40 km by averaging ozone over a range of ±2 km in order to provide relatively smooth time series of ozone measurements and also to homogenise different data sets for the comparisons. The resulting values for the long-term data are presented in Figs. 3, 4 and 5, and for the short-term data in Fig. 6 . An overview of the combined long and short-term satellite observations are given in Fig. 7 . Monthly average results are shown with black dots and daily values are with grey dots in the background. The monthly average data show smaller differences than the daily ones and hence the analysis focuses on the former. In general, monthly deviations are larger if there is only one or a small number of collocated events. A detailed discussion of the salient features of each data set with respect to altitude is presented in the following sections and in Table 2 . deviations are less than ±5 %. At 28-32 and 33-37 km the variations are within ±10 % and, at 16-20 and 38-42 km they exceed ±10 %. The differences are in general larger prior to 1994 because of the lower quality of lidar data and the fewer number of matching events. All altitudes exhibit a similar behaviour in that the differences decrease until 1997 and stabilises afterwards up to 2006, and then starts to increase. This change in 1997 can be due to a relatively higher value of the correction factors in 1995-1997, which on multiplication with the ozone gives rise to high ozone from ozonesondes. Also, the positive bias found after 2007 coincides in part because of the change in ozone receiving system from Vaisala to Modem and in part due to the change in the instrument (from Dobson to SAOZ) used for normalising the sonde profiles, as described in Sect. 2.1.2. However, the Dobson and SAOZ total ozone column measurements, for the coincident days of sondes and lidar, shows an average difference of 2 % in 2007-2009. Further differences originated from the changes in the systems and methods used for deriving the ozone are being investigated. These results pinpoint the need of a homogenised data for ozone trend evaluation.
Long-term data sets
In terms of altitudes, the ozonesonde-lidar comparison shows slight negative biases at 16-20 and 19-23 km compared to other altitudes. The average lidar ozone is about 4.6 % larger than that of sondes in the 16-23 km range, which is similar to the results of Godin-Beekmann et al. (2003) , who compared average lidar ozone concentration to that of sondes at 450-500 K (∼16-20 km) in 1994-2000. Additionally, a similar bias was noted when lidar ozone was compared to ECC sondes and SAGE II ozone at 16-19 km in 1985-2000 too (Godin-Beekmann et al., 2004) . Further, Nardi et al. (2008) show comparatively larger negative bias around 100 hPa, when OHP lidar ozone was compared to HIRDLS (High Resolution Dynamics Limb Sounder) ozone. is based on Umkehr pressure layers instead of geometric altitudes. The analysis presents its best agreement at 32-16 hPa (∼25 km) and 16-8 hPa (∼30 km) until 2000, where deviations are within ±5 %. A negative bias is seen at other levels. At 63-32 hPa (∼21 km) and 8-4 hPa (∼35 km), the relative differences are around ±10 % and slightly larger at 4-2 hPa (∼40 km). The higher negative differences at 4-2 hPa is likely be due to the lower ozone values of Umkehr caused by the internal scattered light problems of its Dobson. It can be rectified by applying a stray light correction to the Umkehr data . Figure 4 (right panel) displays the time series of comparison between SBUV(/2) and convolved lidar ozone in . An excellent agreement within ±4 % is found at 40-25.1 hPa (∼23 km) and 25.1-15.8 hPa (∼26 km). At 15.8-10 hPa (∼29 km) and 6.3-4 hPa (∼35 km) the differences lie within ±5 and ±10 % respectively, except for a few points prior to 1994. At these altitudes the deviations decrease from 1995 to 1997 followed by an increase until 2003, and again a decrease afterwards. A similar result is also shown by Terao et al. (2007) when SBUV(/2) data are compared with ozonesondes. A sudden increase, from −0.2 to 6 %, is To closely examine the increase in 2001 found at 15.8-10 hPa, SBUV(/2) ozone column profiles were compared to all OHP Umkehr data and SAGE II measurements extracted above OHP. To perform the comparisons, the Umkehr ozone columns were interpolated to SBUV(/2) pressure levels and SAGE II ozone number density profiles are analysed as discussed previously for SBUV(/2)-lidar (non-convolved) comparison. Relative differences were determined at the SBUV(/2) pressure levels as: (3) where i = coincident day, j = pressure, and "Meas" represents Umkehr, lidar and SAGE II.
The compared results were smoothed by 3-month running average and are presented in Fig. 5 . Relative differences of SBUV(/2) with SAGE II and lidar show similar behaviour, whereas Umkehr gives negative differences consistently. In [2001] [2002] , all data sets exhibit larger negative deviations compared to other years. In this study, we use SBUV/NOAA-16 data from October 2000 to December 2002. The aforesaid deviations can be due to the comparatively larger ozone values of SBUV/NOAA-16 as discussed in Nazaryan et al. (2005) , who compared SBUV/2 with SAGE II, in Fioletov et al. (2006) , who analysed SBUV(/2) with Umkehr, SAGE II and ozonesondes, and in Nazaryan et al. (2007) , who compared SBUV/2 with HALOE. It should be noted, however, that the Dobson instrument at OHP was struck by lightning in 1999 and 2002, and these events have affected the quality of Umkehr data thereafter. Figure 6 shows the comparison of lidar ozone with the shorter data sets MLS (left panel) and GOMOS (right panel). UARS MLS shows its best agreement in 23-27 and 28-32 km with differences of ±10 % and are somewhat higher at other altitudes. As the valid pressure range of UARS MLS is 100-0.22 hPa, we obtained only a few number of matching events at 16-20 km. Aura MLS produced smaller differences (±5 %) at all altitudes except at 16-20 and 38-42 km where differences reach ±10 %. GOMOS exhibits small deviations Figure 7 shows the time series of the monthly average of the relative differences of SAGE II, HALOE, GOMOS and Aura MLS with lidar ozone. It presents an overview of how the long-term and short-term satellite data behave during their overlapping period (2002) (2003) (2004) (2005) . Aura MLS provides continuous measurements with small differences of about ±5 %, whereas GOMOS exhibits large variability in the monthly averages and are discontinuous too. During the overlapping period, the differences are almost the same for all data sets and are within ±5 % at 19-23 and 23-27 km, and within ±10 % at 28-32 and 33-37 km. The deviations are slightly larger at 16-20 and 38-42 km. Therefore, a combined time series of SAGE II and HALOE with GOMOS and Aura MLS provide a good data set for the evaluation of the vertical distribution and temporal evolution of ozone from 1980s to the present. It also constitutes a 30 year data pool for the study of stratospheric ozone trends. The drifts of SAGE II, HALOE, GOMOS and Aura MLS with respect to lidar measurements are discussed in Sect. 4.3.
Short-term data sets
Average biases
The vertical distribution of average relative deviations in each season and over the period of each data set are shown in Fig. 8 , for the long-term (top panel) and short-term (bottom panel) data sets. In general, comparisons of various observations with the lidar measurements exhibit smaller differences, within ±5 %, at 20-40 km and somewhat higher differences outside this range. Below 20 km the atmospheric variability is larger and the accuracy and precision of ozone measurements are lower. Above 40 km the signal to noise ratio of lidar measurements is lower and the precision varies from 10 to 30 % in 40-45 km and exceeds 50 % at 50 km. This larger uncertainty of lidar profiles induces relatively larger deviations above 40 km. This is also reflected in the comparison between mean and median. Both give similar results at 20-40 km while the median deviates from the mean below 20 and above 40 km.
In order to compare all measurements in a common scale, geometric altitudes are preferred. Therefore, geometric altitudes corresponding to Umkehr and SBUV(/2) mid-pressure levels are computed from the lidar profiles and are averaged over the comparison period . The mid-pressure levels of Umkehr layers 4 to 8 are respectively 48, 24, 16, 6 and 3 hPa and their corresponding geometric altitudes are in turn 21, 25, 30, 35 and 40 km.
Long-term data sets
On average, SAGE II, SBUV(/2) and ozonesondes provide similar results up to 30 km even though ozonesondes show a bias of about −6 % around 17-19 km. This negative bias can be due to the facts discussed in Sect. 4.1.1. Up to 30 km, HALOE yields larger negative deviations compared to SAGE II, consistent with the results of Nazaryan et al. (2007) and Froidevaux et al. (2008) , who also noted lower HALOE ozone values as compared to SAGE II at these altitudes. Above 30 km, SAGE II and HALOE exhibit positive deviations while SBUV(/2) gives mostly negative deviations. SAGE II shows an excellent agreement of ±1 % with the lidar in the 17-41 km range. Ozonesondes and SBUV(/2) also provide ±1 % difference at 20-30 km. Umkehr stands out with slightly larger negative deviations. However, the stray light correction to the Umkehr data could reduce these biases, by about 6 %, particularly at 8-4 and 4-2 hPa . The best agreement is found at 16-8 hPa with near zero bias.
Root mean square (RMS) difference is evaluated in order to determine which instrument agrees best with the lidar. RMS is estimated vertically for the long-term data sets from the relative differences, averaged over the respective periods, as:
where
where O 3 (i,j ) is as given in Eq. 2, i = coincident day, j = altitude, n = total number of altitudes, and N = number of profiles.
The altitude levels are 15-45 km for SAGE II and HALOE; 15-33 km for ozonesondes; 20-45 km for SBUV(/2) and 20-40 km for Umkehr. In terms of RMS, SAGE II and Umkehr provide respectively the lowest (2.1 %) and the highest (8.4 %) value. HALOE, SBUV(/2) and ozonesondes give RMS value of 2.7, 3 and 2.5 %, respectively.
Seasonally, the differences are smaller in absolute scales in autumn and winter for all measurements except for Umkehr at 63-32 and 4-2 hPa, and for SBUV(/2) around 40 km in winter. Larger biases are observed for SAGE II and HALOE in spring and summer. This is due to their limited sampling in the northern mid-latitudes during these seasons. For example, only one profile among the 4 coincidences of HALOE with lidar in spring reached up to 45 km. Hence, the relative differences over the period are mainly weighted by the winter and autumn sampling for HALOE and SAGE II. Ozonesondes do not show any seasonal dependence, whereas Umkehr shows a positive deviation at 16-8 hPa in winter.
For ozonesondes, we investigated the impact of multiplying sonde profiles with the correction factor (as noted in Sect. 2.1.2). The vertical profile of average deviations computed with and without multiplying by the correction factor are shown in Fig. 9 for the period 1991-2009. The multiplication by correction factor yields smaller differences in the 15-33 km range and the ozonesondes -lidar differences are very close to zero around 16 km and at 21-31 km. These results show that the quality of the sonde profiles, as evaluated by the lidar measurements, is improved when the correction factor is applied.
Short-term data sets
Figure 8 (lower panel) shows the average relative differences calculated for the short-term data sets in their respective periods. Aura MLS shows small variations, within ±2 % at 19-38 km, and it systematically underestimates lidar ozone below 20 and above 38 km. Compared to Aura MLS, UARS MLS exhibits slightly higher bias, with positive average differences at 16-40 km throughout the period except in autumn above 28 km. Livesey et al. (2003) compared UARS MLS ozone with SAGE II, ozonesondes and lidar data, and found positive deviations in most cases, matching our results. A small positive bias is estimated for Aura MLS in the lower stratosphere when compared with SAGE II, HALOE and ozonesondes (Jiang et al., 2007) . In contrast, in agreement with our results, the comparison of Aura MLS with the ground-based microwave radiometer and lidar (Jiang et al., 2007) data do not exhibit a positive bias in the lower stratosphere.
GOMOS observations show smaller biases with lidar measurements at 28-40 km when averaged over the period. Below 28 km, negative differences are found down to 18 km and positive ones in the range 15-17 km. Above 40 km, lidar overestimates ozone as compared to GOMOS. Seasonal differences in winter and autumn are very similar to the whole period averages except above 40 km in winter. In spring, the negative bias of GOMOS data is more pronounced in the lower and upper stratosphere. In summer, discrepancies are larger but the comparison is performed on very few collocated measurements, 28 in total over the period. In order to check our results with those of other studies, we compared lidar and GOMOS ozone using a spatial criterion of 800 km and a temporal criterion of ±20 h, similar to the criteria set in Van Gijsel et al. (2009) , which yielded very similar results (not shown).
Drift in temporal evolution of ozone differences
In order to evaluate possible drifts between various data sets and the lidar observations, linear regressions were computed at all altitudes, from the monthly averaged time series of ozone relative differences. Although some time series show non-linear variation as a function of time (e.g. in the case of SBUV(/2) at 15.8-10 hPa or ozone soundings), linear regression provides a simple way to check the drifts in various observational records. The significance of the slope is evaluated by using the standard deviation (σ ) times two (or a 95 % confidence level), with σ given by (Press et al., 1989) :
2 , N = number of months, x = month, y = monthly relative difference, a = y-intercept, b = slope, and j = altitude or pressure level. Due to the reduced sampling of lidar measurements in the earlier period, the number of coincidences is smaller prior to 1994. After 1994 the number of lidar profiles increased due to the upgrade of the experimental set up and improved observational capacity at OHP. Therefore, linear regressions are evaluated over the respective period of each data set in 1985 -2009 and 1994 -2009 . The starting (e.g. 1985 or 1994 and ending (2009) The slope and standard deviation are also evaluated at specific altitudes as given in Figs. 3 and 4 , and are summarised in Table 3 . We discuss the derived drifts at these reference altitudes for simplicity reasons.
In the case of SBUV(/2), a significant drift of ∼ ±0.2 % yr −1 with respect to lidar is estimated at 25. 1-15.8 and 6.3-4 hPa in 1985 and at 40-25.1, 25.1-15.8 and 15.8-10 hPa in 1994 . At 6.3-4 hPa, larger deviations are found in the early 1990s, which could explain the significant slope calculated over the period. The shifts found at this pressure level and at 15.8-10 hPa in 2001 (Fig. 4) point out the inadequacy of using a simple linear regression over successive SBUV(/2) records at some pressure levels. SAGE II exhibits a significant slope of −0.59 % yr −1 at 19-23 km in 1994-2005 due to positive differences in 1994-1996 followed by negative ones in [2004] [2005] . Umkehr observations also show significant drift of −0.3 % yr −1 with respect to lidar at 16-8 and 8-4 hPa in 1985 16-8 and 8-4 hPa in -2007 16-8 and 8-4 hPa in and 1994 16-8 and 8-4 hPa in -2007 . At 4-2 hPa, a relative drift of −0.53 % yr −1 is detected in . At these levels the relative differences have higher positive values at the beginning of the periods and higher negative values at the end of the period, which result in significant slopes over these periods. HALOE shows somewhat larger slopes than other measurement records at 20-25 km, but due to larger error bars the relative drifts are not significant. e.g. 1985, 1994, 2002, 2004) and ending (2009) year of the analyses depend on the availability of the respective observations during the period. Please see the text for more details. The dashed vertical line represents 0% yr −1 and the error bars represent twice the standard deviation of the slope. Approximate pressure levels corresponding to the geometric altitudes are also shown on the right axis. Fig. 10 . Vertical distribution of the slopes calculated from monthly average of the relative differences of long-term (left and middle panels) and short-term (right panel) data sets with lidar data. The slopes are estimated in two periods, in 1985-2009 and 1994-2009 , for the longterm data. The beginning (e.g. 1985, 1994, 2002, 2004) and ending (2009) year of the analyses depend on the availability of the respective observations during the period. Please see the text for more details. The dashed vertical line represents 0 % yr −1 and the error bars represent twice the standard deviation of the slope. Approximate pressure levels corresponding to the geometric altitudes are also shown on the right axis.
A significant slope of −0.33 % yr −1 is estimated for ozonesonde -lidar comparison at 30 km in both periods, which can be due to the reduced accuracy of ozonesonde data at this altitude. The slopes are less than ±0.6 % yr −1 at 15-33 km in these periods. Further, relative drifts were also estimated for two other periods (1994-2001 and 2002-2009) The drifts of the short-term data sets GOMOS and Aura MLS are also estimated with respect to lidar measurements in 2002-2009 and 2004-2009, respectively , and are shown in Fig. 10 (right panel) . GOMOS shows small drifts less than ±1 % yr −1 between 24 and 37 km and of about ±1.6 to ±6 % yr −1 outside this range. Aura MLS exhibits smaller drifts than those of GOMOS, ranging from ±0.01 to ±0.7 % yr −1 at 15-42 km. As mentioned in Sect. 4.1.2, the degradation of the GOMOS data after 2005 could play a role in contributing large drifts. GOMOS provides relatively fewer number of coincidences with the lidar and that results in high variability in the monthly averages, and hence, larger drifts on a short period. The estimated drifts are not significant for Aura MLS at any altitude, whereas significant drifts are estimated for GOMOS at 21, 22 and 43 km of the order of −1.86, −1.67 and −6 % yr −1 , respectively.
Our drift estimates are in generally good agreement with those found in other studies. In this work, SBUV(/2)-lidar, Umkehr-lidar, sondes-lidar, SAGE II-lidar, HALOE-lidar, GOMOS-lidar and Aura MLS-lidar comparisons provide slopes generally less than ±0.5 % yr −1 in the 20-40 km range and are larger beyond this range. The study by Nazaryan et al. (2005) mentions slopes of less than 0.5 and 3 % yr −1 for the time series of SAGE II with SBUV/2 data sets NOAA-11 and NOAA-16 ozone respectively, in the 20-50 km range. Similarly, the slopes of HALOE with NOAA-11 and NOAA-16 are less than 1 and 2 % yr −1 respectively (Nazaryan et al., 2007) , consistent with our results. Cunnold et al. (2000) also studied instrumental drifts for different measurement techniques. They show SBUV-SAGE II slopes of less than ±0.5 % yr −1 at 20-40 km and around 1.5 % yr −1 at 45 km in the 1984-1989 period at northern mid-latitudes. In 1989-1994, SBUV/2-SAGE II slopes are around 1 % yr −1 at 25-45 km and are very small at 20 km. UARS MLS-SAGE and UARS MLS-HALOE provide slopes of around ±1 % yr −1 at 25-45 km in 1991-1996. Similarly, our results are similar to those found in SPARC (1998), for lidar-SAGE II comparison at OHP. Thus, our analyses of the long-term evolution and drifts of ozone for various techniques are in good agreement with the ozone trend studies for the northern mid-latitudes even if no other works perform the evaluation of drifts for more than 15 years using a variety of measurements, as performed in this study. Also, the short-term data with relative drifts comparable to those of the long-term data, would be an asset for their use in the future ozone trend studies.
Conclusions
This study presents the first elaborate quantitative bias and drift estimations using the OHP lidar ozone measurements Table 3 . The slope (S) and twice its standard deviation (σ ) deduced from the monthly averages of the relative differences ( %) at selected altitude levels for the periods 1985-2009 (S 8509 ) and 1994-2009 (S 9409 spanning more than 25 years. It estimates the bias of a number of long and short-term and, ground and space-based observations with respect to the OHP lidar measurements. Although there are some bias estimations from other studies, this is the first study that presents the drifts of various ground-based and satellite measurements, for Aura MLS and GOMOS data in particular. Furthermore, the connection between the pre-2002 (SAGE II and HALOE) and the newer (GOMOS and Aura MLS) data sets is analysed in terms of relative offsets and drifts. With additional data from such instruments in the next few years, the capability should exist to continue to pursue accurate and validated long-term stratospheric ozone trends relevant for ozone recovery paths. Clearly, this work fulfills at least one of the main goals of NDACC, i.e., the evaluation of stability of various groundbased and satellite observations.
We analysed the homogeneity of various observational records of the stratospheric ozone vertical distribution at OHP by comparing lidar measurements with ECC ozonesondes and Umkehr measurements at OHP and with SBUV(/2), SAGE II, HALOE, UARS MLS, Aura MLS and GOMOS satellite observations, extracted above the station. The comparisons show generally the best agreement in the 20-40 km altitude range with the average deviations within ±5 %. The differences are larger below 20 km due to large atmospheric variability and also because of the lower accuracy and precision of the satellite measurements and above 40 km, because of the lower precision of lidar ozone measurements. Umkehr data show larger negative deviations as compared to other measurements, especially at 63-32 and 4-2 hPa. SBUV(/2) observations display a shift around 2001 at 15.8-10 hPa and to a lesser extent at 6.3-4 and 4-2.51 hPa. SAGE II and HALOE provide relatively less sampling at OHP in spring and summer. The best agreement with the lidar data is found for SAGE II with an RMS difference of 2.1 % in the 15-45 km range, as compared to the other long-term data sets. The temporal evolution of ozonesondes-lidar comparison shows differences originated from the changes in the ozone receiving system, ozone column data used for normalising the sonde profiles and from the ozone deriving methods.
Hence, a homogenised data are needed for the better evaluation of ozone trends. Shorter observational records such as UARS MLS, Aura MLS and GOMOS were also analysed to check their measurement consistency. UARS MLS displays positive biases and are relatively larger compared to Aura MLS. Aura MLS shows good agreement with the lidar at 20-40 km, but negative deviations above 40 km, with GOMOS also showing such a tendency during some seasons. GOMOS compares well with the lidar at 28-40 km.
Linear regressions were computed on the monthly average difference data sets in order to detect possible drifts with respect to the lidar measurements. Collectively, drifts are generally within ±0.5 % yr −1 at 20-40 km in both analysed periods (1985-2009 and 1994-2009) , and are generally not significant at the 2σ level. Aura MLS yields very small and non-significant drifts (±0.01-0.7 % yr −1 ) at 15-42 km with the lidar, comparable to those of the long-term data sets. Hence, the tested observational records should generally allow for analyses of the long-term evolution of stratospheric ozone in the northern mid-latitudes.
